Introduction
============

Most eukaryotic protein coding genes are intervened by non-coding sequences called introns (***Int****ervening **r**egi**ons***) [@B1], which are being removed from the primary transcript in the process of splicing [@B2]-[@B3]. There are four recognized major groups of introns, namely group I, II, III, and spliceosomal/nuclear introns. While introns from the first three groups undergo self-splicing, the latter endure splicing with the aid of complex machinery called spliceosome. The spliceosomes consist of four small nuclear ribonucleoproteins (snRNPs) and over a hundred of non-snRNP proteins that associate with snRNPs at some point during the splicing [@B4]-[@B6]. There are two distinct types of spliceosomal introns; U2-type and U12-type introns, which are excised by the major and minor spliceosomes, respectively [@B7]-[@B8]. Both the spliceosomes are structurally and functionally similar. The major difference lies in the ribonucleotide components, while the major spliceosome contains U1, U2, U4, and U6 snRNPs, the minor one consists of functionally equivalent U11, U12, U4atac, and U6atac snRNPs, with U5 snRNP present in both spliceosomes [@B9]-[@B10].

The U12-type introns were discovered in the early 1990s thanks to atypical splice site (SS) dinucleotides AT-AC [@B8]. They contain highly conserved/prominent and consistent 5´splice site (A/G) TATCCTT (at +1 to +8 at 5\' SS), a less conserved branch point site (BPS) TCCTTAACT and A(C/G) at 3\' splice site [@B8], [@B11]-[@B13]. However, as reported recently by Lin et al. U12-type introns can be flanked by different terminal dinucleotides indicating that the donor and acceptor sites are degenerate [@B14]. The BPS of U2-type introns is usually located 18-40 nucleotides upstream of the 3\' splice site, in contrast to the U12-type introns, where it is restricted to 12-15 nucleotides [@B8], [@B11]-[@B12], [@B15]. Additionally, U12-type introns lack a polypyrimidine tract between the BPS and the 3′ splice site.

Although U12-type introns are highly conserved in specific lineages, they do undergo some evolutionary changes, for instance intron deletion or spliceosomal type switching [@B7]. It has been suggested that a few mutations in the donor SS of U12-type intron may change the intron type to the major one. Because of the stronger signal constrain at the 5´ SS of U12-type introns, this process is believed to be unidirectional, as switching intron type from U2 to U12 would require too many concurrent changes [@B7], [@B14], [@B16]. Interestingly, AT-AC U12-type introns often get converted to GT-AG U12-type intron in the process called subtype switching, which seems to be initial step in intron type switching [@B7], [@B14].

U12-type introns comprise less than half percent of all spliceosomal introns [@B13], [@B17]. They are present in most eukaryotic genomes from the basic such as jellyfish to the higher chordates and plants [@B7], [@B16]. Interestingly, U12-type introns are absent in some organisms such as the yeasts *Saccharomyces cerevisiae* and *Schizosaccharomyces pombe,*the nematode *Caenorhabditis elegans* and many protists. However, a recent study of phylogenetic distribution of the spliceosomal snRNA genes has shown a wider distribution of minor type intron than anticipated before [@B18]. It is clear that U12-type introns and cognate splicing machinery were lost independently a number of times during eukaryotic evolution. In some other lineages, although not completely lost, the number of U12-type introns has been dramatically reduced. Previously, we studied the evolutionary dynamic of U12-type introns among eighteen metazoan genomes including three insects and several vertebrates [@B14]. More insect genomes have been sequenced recently, covering 400 million years of metazoan evolution [@B19] and thus creating ideal resources for evolutionary studies at the genomic level. With seventeen additional insect genomes available for the analyses, we were able to study mechanism of the evolution of U12-type introns with greater details.

Here, we present a comprehensive study of the evolutionary dynamics of U12-type intron on the insect phylogeny. Our results unveiled a dramatic drop of the U12-type intron number in Diptera that occurred mostly by removal of U12-type introns from many dipteral genes and to a lesser extent by U12 to U2-type intron conversion*.*Interestingly, in our dataset we found evidence neither for subtype switching nor for U12 AT-AC-subtype intron conversion directly to U2-type intron.

Materials and Methods
=====================

The sequence data
-----------------

The initial dataset of insect U12-type intron containing genes was downloaded from the U12-type intron database (ver. 1.0 <http://genome.imim.es/cgi-bin/u12db/u12db.cgi>) [@B20] and it consisted of seventeen U12-type genes of *Drosophila melanogaster,* two U12-type genes of *Anopheles gambiae*, and twenty-three genes from *Apis mellifera*. This set was complemented by forty-nine *Apis mellifera*genes described previously by Mount et al. [@B21] and two more genes in *Drosophila* described by Lin et al. [@B14]. These seventy U12-type-intron bearing genes were used as a starting point to probe the U12-type intron status in twenty insect genomes *D. ananassae*(GenBank accession number: AAPP01019547.1)*, D. erecta*(AAPQ01006465.1)*, D. grimshawi*(AAPT01020220.1)*, D. mojavensis*(AAPU01011093.1)*, D. melanogaster*(AABU01002774.1)*, D. persimilis*(AAIZ01002952.1)*, D. pseudoobscura*(AAFS01001852.1)*, D. sechellia*(AAKO01000279.1)*, D. simulans*(AASV01031774.1)*, D. virilis*(AANI01017120.1)*, D. willistoni*(AAQB01008615.1)*, D. yakuba* (AAEU02000019.1)*, Aedes aegypti*(NZ_AAGE02004256.1)*, Anopheles gambiae str. PEST*(NZ_AAAB02008817.1),*Culex quinquefasciatus* (NZ_AAWU01005511.1)*, Apis mellifera (*NW_001253366.1)*, Bombyx mori*(BABH01019700.1)*, Nasonia vitripennis*(AAZX01004521.1)*, Pediculus humanus corporis*, (AAZO01003896.1) and*Tribolium castaneum*(NW_001094314.1).

Orthologs identification and intron/exon structure determination
----------------------------------------------------------------

All the insect orthologs of U12-type-intron-containing genes were identified by querying protein sequences coded by the seventy genes against the twenty insect genomes using NCBI\'s BLAST (<http://www.ncbi.nlm.nih.gov/sutils/genom_table.cgi?organism=insects>) [@B22] with the insect genomes database and default values for all other parameters. The intron-exon boundaries for the orthologs found in other insect genomes besides the query genomes were identified and marked using manual search and NCBI BLAST [@B22] based annotation, ORF Finder [@B23] , Expasy translate tool [@B24], and UCSC genome browser [@B25]. In cases when the annotated gene structures were incomplete, trace archives and/or EST databases for the complete gene sequence were searched.

Since significant splicing signals are present only at the intron\'s termini, each intron/exon boundary was represented by forty (twenty nt upstream + twenty nt downstream of the 5´splice site) and seventy (fifty nt upstream + twenty nt downstream of the 3´splice site) nucleotides and the multiple sequence alignment of the extracted sequences was calculated using T-Coffee [@B26]. The alignments were then inspected using BIOEDIT [@B27] searching for the conserved 5\' and branch point signals.

Intron status determination
---------------------------

Intron status was determined for each of the seventy-one introns individually; one of the genes harbors two U12-type introns. The following intronic events were considered: intron type switching, i.e. U12-type to U2-type or vice versa, U12-subtype switching, i.e. AT-AC to GT-AG or vice versa, deletion and insertion of an intron in the insect lineage. In ambiguous cases, other metazoans were considered as outgroups with the human data as the first choice because of the high number of U12-type introns and accurate annotation of the human genome. We investigated the mode of evolution of U12-type introns applying parsimony principle on the species trees of the analyzed genes.

Functional annotation of genes
------------------------------

Gene Ontology enrichment analysis was done using DAVID (<http://david.abcc.ncifcrf.gov/>) [@B28] for seventy *D. melanogaster* genes for which at least one of the insect orthologous genes harbor U12-type introns in at least one insect genome. These genes were compared against the rest of the genes in *D. melanogaster*genome as a background data using the Functional Annotation Clustering tool in DAVID with default parameters. Classification stringency \'lowest\' was used for the inclusion of all ontology terms. Similar analysis was also done for a gene set limited to *Diptera* lineage. The data set consisted of twenty-six genes containing a U12-type intron in any dipteran genome and was compared against all other *D. melanogaster\'s* genes.

Results and Discussion
======================

U12-type intron number
----------------------

Among the seventy-one U12-type insect introns, fourteen were of AT-AC U12-subtype, fifty-six of GT-AG subtype, and one of GC-AG intron. Number of U12-type introns in insects varies from fifteen in the *C. quinquefasciatus*genome to sixty-three in the *A. mellifera* genome (see Table [1](#T1){ref-type="table"}). The parsimony analysis indicates that the ancestral insect genome contained at least seventy U12-type introns.

All fifteen genomes of the order Diptera have fewer minor introns than any other species analyzed in this study. Our insect genome dataset reveals a high disparity in number of U12-type introns among different genomes and even within the same genus. For instance, nine *Drosophila sp.* harbor nineteen U12-type introns, while *D. ananassae, D. persimilis*and*D. willistoni*contain only seventeen. Three mosquito genomes have even lower number of minor type introns, with seventeen cases in *A. aegypti* and *A. gambiae*, and only fifteen in *Culex quinquefasciatus.* The latter is the smallest number of U12-type introns in any investigated genome and likely, this set includes genes for which U12-type intron is essential in their functional regulation. In other insect genomes, the number of U12-type introns is two to three times higher than in dipteran genomes (see Fig. [1](#F1){ref-type="fig"}). The highest number of the minor type introns is observed in *A. mellifera* and *Nasonia vitripennis* of the order Hymenoptera. However, none of the investigated genomes harbor all the seventy-one U12-type introns detected in insects. Interestingly, *A. mellifera*\'s U12-type intron content is three fourth of the urochordate *Ciona intestinalis,*an additional hint that the genome of the last common insect ancestor accommodated at least about seventy minor-type introns [@B21]. Nearly seventy five percent of the U12-type introns are conserved between *A. mellifera* and *Homo sapiens*. Although most of the insect genomes lost some of the U12-type intron, the process for some reason has accelerated in the *Diptera* order, where most of the minor type introns were lost during the last 280 million years of their evolution since divergence from the rest of insects [@B29].

All sampled dipteral genomes contain less than twenty minor introns and their number in insect genomes is not correlated with the genome size (R = 0.08; see Table [1](#T1){ref-type="table"} and [Supplementary Material](#SM1){ref-type="supplementary-material"}: Fig. S1). In order to find out if this apparent loss of U12-type introns is related to the overall intron loss in *Diptera* or the result of selective removal of minor introns, we have compared total number of introns in each genome with the number of minor-type introns. For instance, three of dipterans (*D. melanogaster, A. aegypti* and *A. gamabiae*) have much lower number of introns than non-dipteral *A. mellifera* and *Nasonia vitripennis* (see [Supplementary Material](#SM1){ref-type="supplementary-material"}: Table S4). Although, there is a clear trend of reduction in overall number of introns in the dipteral genomes, U12-type introns disappear from those genomes in even faster rate. Interestingly, this trend is statistically significant when dipteral data are compared against the honeybee genome but not when compared against wasp data. Unfortunately, annotation and sequence quality of other insect genomes didn\'t allow for more extensive analysis.

Even though the genome of *D. virilis* is twice the size of *D. melanogaster* and other *Drosophila sp.*, it harbors similar number of U12-type introns. Larger genomic size of *D. virilis* is due to various factors such as the presence of larger heterochromatic content [@B30]-[@B31], long and highly polymorphic microsatellites [@B31]-[@B32], and longer introns [@B33]-[@B34]. Consequently, length of U12-type introns is also bigger in *D. virilis* as compared to other *Drosophila*species; average U12-type intron size is 1,067 nt in *D. virilis* in contrast to 687 nt in *D. melanogaster*. Interestingly, two analyzed mosquito genomes contain few U12-type introns, even though the *A. aegypti* genome is almost ten times larger than most *Drosophila* of the genomes [@B35]. However, unlike *Drosophila,* half of the mosquito genome is composed of Transposable Elements rendering a large genomic size [@B36].

The analyzed genes contain at most one U12-type intron. The only exception is the *Ca-alpha1 D* gene, which codes for voltage-sensitive calcium channel and in some species, contains two GT-AG U12-type introns. The first U12-type intron, which lies between exons two and three, is absent in all the three mosquitoes and *Pediculus* but is conserved in the rest of the insects; whereas, the second U12-type intron is absent in all *Drosophila*and *Pediculus,* and has been converted into U2-type intron in *Bombyx mori.*Interestingly, many voltage channel genes contain more than one U12-type introns in vertebrates, which strongly suggest that two-U12-intron arrangement is the ancestral one [@B14], [@B37]. It was also shown before that although some of the U12-type introns are being removed randomly from these genes, they usually preserve at least one of them suggesting some important role played by these introns [@B38]. Consequently, in our dataset most of the *Ca-alpha1 D* genes preserved at least one of U12-type introns with the only exception being *Pediculus* genome. However, *Pediculus* has lost all but one intron in this gene and this single intron is not homologous to any insect introns, which may suggest complicated evolutionary history of the *Pediculus* gene that could involve retrogene activation followed by an intron gain as described recently by Szczesniak et al. [@B39].

Evolutionary fate of U12-type introns
-------------------------------------

Comparative genomics analysis showed that ancestral insect genome harbored at least seventy U12-type introns. None of the analyzed extant genomes contain so many U12-type introns and relatively small number of these introns is rather norm with the *Culex*genome harboring fifteen U12 introns being an extreme case. So, it is a clear trend that minor type introns disappear from the insect genomes. There are two possible pathways of an U12-type intron disappearance - it can be either deleted from the host gene or converted to an U2-type intron. We took advantage of twenty complete insect genomes to understand dynamics of minor type introns shrinking repertoire.

In order to investigate which of the two pathways is more common, we applied parsimony rule on insect phylogeny for all seventy U12-type introns that were likely present in the ancestral insect genome. [Supplementary Material](#SM1){ref-type="supplementary-material"}: Figure S2 presents a matrix of the analyzed genes representing status of each intron in each of the twenty insect genomes. Each intron can be represented by one of three states: U12-type intron, U2-type intron, and intron absence. In five cases, lack of the genomic data prevents the determination of the current status of an intron. The evolution of each intron was then inferred on insect phylogeny using Dollo parsimony and number of evolutionary events on the tree, i.e. intron conversion or deletion was calculated (see Fig. [2](#F2){ref-type="fig"}). Overall, we have observed 112 deletions and 76 intron-type conversions. It agrees with the fact that the cooperative recognition of 5\' SS and BPS and its high sensitivity to mutations, U12-type introns are highly susceptible to intron conversion to U2-type and intron loss [@B40]. Assuming that the last common ancestor of all analyzed genomes existed 355 Mya [@B41] it appears that, on average, there was one intron deletion every 63 MY and one intron-type conversion every 93 MY during insect evolution. Obviously, the deletion rate of U12-type introns is much lower than overall intron loss in *Drosophila* branch reported by Coulombe-Huntintgton et al. [@B42] but this is due to much smaller total number of minor-type introns.

U12-type introns are divided into two subtypes based on the terminal dinucleotides: AT-AC or GT-AG termini. Fourteen out of seventy-one analyzed here introns are of AT-AC subtype. It\'s been hypothesized that the ancestor minor type introns were of AT-AC subtype and switching to GT-AG subtype might be the initial step into intron type switching from minor to major spliceosome [@B43]. Surprisingly, in our dataset we have perfect separation of the subtype introns, i.e. in the given set of orthologous introns they are always either U2-type or U12-type of the same subtype. In other words, we haven\'t observed mixing the AT-AC and the GT-AG subtype introns in the same cluster of orthologous introns. This suggests that switching from minor to major intron type might be possible directly from AT-AC subtype, in contrast to previous suggestions. However, this holds only in insect dataset, because our recent analysis of chordates yielded orthologous clusters with both U12-subtypes in a single set \[Janice and Makalowski, unpublished observation\].

Twintron arrangement
--------------------

Twintrons are referred to a special arrangement of alternatively spliced introns, in which two introns occupying the same position are processed by two different spliceosomes. In the "classical" example described in the *prospero* gene U2-type intron is embedded into U12-type intron. As a result of this arrangement in *D. melanogaster*, alternative splicing of U2-type intron leads to a twenty-nine amino acid larger protein [@B44]-[@B45]. The twintron arrangement appeared early in evolution of insects and plays important role in embryonic development. It was shown that the two forms of the *prospero* transcript are unequally expressed with the "U2 form" dominating in early developmental stages, while after twelfth hour "U12 form" is taking over expression of the gene [@B44]. Interestingly, the U12-type intron of *prospero* is one of only two minor type introns, which are present in all analyzed insect and vertebrate genomes. However, the twintron arrangement in this position is limited to insects only. Expression of both alternative forms has been confirmed for *D. melanogaster* but conservation of the splicing signals suggests that the U2-type intron appeared early in the insect evolution.

Another twintron in insect genomes was recently reported by Lin et al. in *ZRSR2* gene that codes for zinc finger protein [@B14]. Interestingly, the apparent ancestral intron in the twintron position is of U2-type, which leads to conclusion that U12-type intron appeared *de novo* in insect evolution. Our extensive analysis of that intron suggests that the twintron arose after *Diptera* separated from the rest of insects leading to *Diptera* specific twintron. This is also the only known case of recent U12-type intron addition to a genome. However, it should be pointed that the applied in this study methodology doesn\'t allow discovery of newly emerged introns in non-seed genomes (see methods section and [Supplementary Material](#SM1){ref-type="supplementary-material"}: Table S1). Although in neither case, we observed full conversion of one type of an intron to another, the twintron arrangement opens new path of intron conversion, namely instead of gradual degeneration of U12-type splicing signal by point mutation and its transition into U2-type signal, activation of a cryptic splicing site near an original one may create an alternatively spliced transcript, followed by "switching off" the original form. This would result in a new constitutive intron of different type.

Functional analysis of U12-type intron-containing genes
-------------------------------------------------------

One of the most intriguing questions related to the decaying U12 spliceosomal system is why in some genomes, despite a high energetic cost of the maintaining a separate spliceosome, a minute number of U12-type introns persists. To partially answer this question, we looked if there is a functional relationship between genes harboring U12-type introns. Using DAVID system [@B28], we were able to assign all the insect U12-intron-containing genes into ten clusters (Fig. [3](#F3){ref-type="fig"}a and [Supplementary Material](#SM1){ref-type="supplementary-material"}: Table S2). Interestingly, several of these clusters group proteins of somewhat similar biological activities, e.g. proteins binding other biologically active molecules or proteins involved in signaling pathways. Not surprisingly some of the proteins belong to more than one category, for instance proteins that bind ions often are responsible for ion transport and are located in a membrane, e.g. FBGN0001991 spans these three categories. However, there is no single category that clearly dominates and most populous group, nucleic acid binding proteins, consists of sixteen genes (nineteen percent of all genes).

This picture changes a bit, when we limit our data set to genes that contain U12-type introns in *Diptera* only. There are twenty-five such genes and they cluster just into four groups (see Fig. [3](#F3){ref-type="fig"}b and [Supplementary Material](#SM1){ref-type="supplementary-material"}: Table S3). However, nucleic acid binding proteins comprise the largest group (thirteen genes) along with ion binding proteins (thirteen genes). Proteins involved in ion transport and exhibiting transferase activity complement the set. Many of the nucleic acid binding proteins are involved in transcription regulation suggesting significant influence of U12-type intron-containing genes on these processes. Interestingly, both genes that harbor twintrons (*prospero* and *ZRSR2*) belong to this category and what is even more intriguing, the latter codes for the protein related to the U2AF splicing factor [@B46], which functions in the proper recognition of 3\' splicing site by a major spliceosome [@B47]. This case exemplifies the delicate interplay between two spliceosomes and may partially explain why total removal of the U12 spliceosomal system from a genome is not a simple process.

Conclusions
===========

U12-type spliceosomal system is a puzzling phenomenon. On the one hand, it has been lost repeatedly in the course of eukaryotic evolution. On the other hand, in some genomes it persists even though it is required to process just a handful of introns. Insects seems to be ideal system to track evolutionary events governing minor type introns because easily manageable number of these introns and many complete genomes with known phylogeny spanning over 350 million years of evolution.

The ancestral insect genome contained at least seventy minor type introns and none of the extant genomes harbors such a high number of these introns suggesting continuous removal of the introns with the extreme case being the genome of *C. quinquefasciatus* with only fifteen U12-type introns preserved. Only two minor type introns are present in all studied genomes. Our study shows that the intron deletion is more likely that its conversion to U2-type intron. Moreover, our results show that such a conversion is equally possible from both subtypes of the minor introns. Since we didn\'t observe any subtype switching during insect evolution, this process is not as common as previous analyses suggested.

One of the two completely preserved introns is a twintron residing in the *Prospero* gene. The conserved nature of the twintron strongly suggests important role of this arrangement in regulation of this gene and consequently pupa development. Interestingly, most of the genes containing minor type introns are involved in regulation of the cellular processes and/or in binding biologically active molecules. It has been suggested that U12-type introns are limiting factors of pre-mRNA processing and it is tempting to speculate that U12-type introns might prevent the over-expression of such genes. Hence, the analysis of the expression of the U12-type intron-containing genes may help in understanding the molecular mechanisms behind the down regulation of these genes and shade more light on the U12-type introns biological significance.
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Figure S1. Scatter plot of correlation between genome size and number of U12-type introns.Figure S2. Status of seventy-one U12-type introns in the human and twenty insect genomes.Table S1. Insect genes harboring U12-type introns.Table S2. Functional categories over-represented in genes containing the U12-type introns in *Insecta*. Table S3. Functional categories over-represented in genes containing the U12-type introns in *Diptera*.Table S4. Total and U12-type intron number in selected genomes.
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![**Number of U12-type introns in twenty insect genomes**. Blue bars indicate *Diptera* order including *Drosophilidae* and *Culicidae* families, light and dark shade, respectively; green bars represent genomes of *Hymenoptera* order and the red bars represent neither *Diptera* nor *Hymenoptera* orders.](ijbsv08p0344g01){#F1}

![**Evolutionary fate of seventy ancestral insect U12-type introns.**Red numbers indicate number of deletions in a given lineage, while numbers in blue represent U12 to U2 intron type conversions.](ijbsv08p0344g02){#F2}

![**Functional categories over-represented in genes containing the U12-type introns.** A. Seventy insect genes. B. Twenty-five dipteral genes.](ijbsv08p0344g03){#F3}

###### 

Number of U12-type introns in different insect genomes.

  Species                      Number of introns available for the analysis   Number of detected U12-type introns   Genome size in Mb
  ---------------------------- ---------------------------------------------- ------------------------------------- -------------------
  *Drosophila simulans*        71                                             19                                    146.7
  *Drosophila sechellia*       71                                             19                                    166.26
  *Drosophila melanogaster*    71                                             19                                    176.04
  *Drosophila yakuba*          71                                             19                                    166.26
  *Drosophila erecta*          71                                             19                                    146.7
  *Drosophila ananassae*       71                                             17                                    185.82
  *Drosophila pseudoobscura*   71                                             19                                    156.48
  *Drosophila persimilis*      70                                             17                                    176.04
  *Drosophila willistoni*      71                                             17                                    205.38
  *Drosophila mojavensis*      71                                             19                                    166.26
  *Drosophila virilis*         71                                             19                                    332.52
  *Drosophila grimshawi*       71                                             19                                    234.72
  *Aedes aegypti*              71                                             17                                    1376
  *Culex quinquefasciatus*     71                                             15                                    579
  *Anopheles gambiae*          70                                             17                                    278
  *Bombyx mori*                68                                             32                                    530
  *Tribolium castaneum*        71                                             34                                    160
  *Apis mellifera*             71                                             63                                    264.0
  *Nasonia vitripennis*        71                                             46                                    335
  *Pediculus humanus*          71                                             39                                    107.58
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